Sediment dynamics have an important influence on the morphological evolution of tidal wetlands, which consist of mudflats and salt marshes. To understand the nature of sediment behavior under combined current-wave action at an exposed tidal wetland, we measured the waves, currents, water depths, bed-level changes, and sediment properties at a mudflat-salt marsh transition on the Yangtze Delta, China, during five consecutive tides under onshore winds of~8 m/s, and calculated the bed shear stresses due to currents (τ c ), waves (τ w ), combined current-wave action (τ cw ), and the critical shear stress for erosion of the bottom sediment (τ ce ). The bed shear stresses under combined current-wave action (τ cw ) were approximately five times higher on the mudflat (up to ). This result indicates that the sediment dynamics on the mudflat were dominated by erosion, whereas at the salt marsh they were governed by deposition, which is in agreement with the observed bed-level change during the study period (− 3.3 mm/tide on the mudflat and 3.0 mm/ tide on the salt marsh). A comparison of τ cw values calculated using the van Rijn (1993) and Soulsby (1995) models for bed shear stresses under combined current-wave action indicates that both models are applicable to the present case and effectively predict the bottom shear stress under combined currentwave action. Overall, we conclude that τ cw in combination with τ ce is useful in assessing the hydrodynamic mechanisms that underlie the morphological evolution of exposed tidal wetlands.
Introduction
Tidal wetlands, which generally consist of salt marshes and mudflats, are widely distributed along coastlines worldwide (Eisma, 1998) . They provide important ecosystem functions as they filter contaminants, dissipate wave energy, and possess an intrinsic value (Goodwin et al., 2001) . In some areas the formation of salt marshes is strongly influenced by peat accumulation (e.g., along the East Coast of the USA), whereas in other areas of the world (e.g., China NW Europe) salt marsh formation is predominantly dependent on sediment deposition (Allen, 2000) . Hence, a knowledge of sediment transport is important in understanding the geomorphologic development of salt marshes (Kirwan and Murray, 2007; Temmerman et al., 2007) . Sediment dynamics on mudflats can strongly affect the benthic communities that inhabit these areas, and thereby determine the ecological value of the mudflats as feeding grounds for (migratory) birds (Ysebaert et al., 2003) . Therefore, an understanding of sediment dynamics is important for managing the biotic value of these ecosystems. However, the dynamics are complicated by strong temporal and spatial variations that are typical of mudflat environments (e.g., O'Brien et al., 2000; Yang et al., 2008) .
The motion of sediments over tidal wetlands, and in particular over exposed mudflats, is generally driven by a combination of currents and waves (Woodroffe, 2003) . Processes of sediment transport under combined current-wave action are therefore the key to understanding the morphological evolution of tidal wetlands. Although many studies have focused on the role of currents on sediment transport and erosion/accretion in intertidal mudflat-salt marsh systems (e.g., French and Spencer, 1993; Bassoullet et al., 2000; Dyer, 2000; Leonard and Reed, 2002; Yang et al., 2007) , less is known about sediment behavior under combined current-wave action (Whitehouse and Mitchener, 1998; Wang et al., 2006; Callaghan et al., 2010) , possibly due to the difficulties encountered in undertaking integrated observation of waves, currents, and sediment properties. To date, most studies on sedimentary processes associated with combined current-wave action have been based on idealized experiments or numerical modeling (e.g., Davies, 1992; Fredsøe et al., 1999; Cao et al., 2003; Allard et al., 2008) or on observations in near-shore or continental shelf waters (e.g., Drake and Cacchione, 1992; Li and Amos, 1998; Chang and Dickey, 2001; Hu et al., 2009) . Consequently, there is a clear need for field studies aimed at understanding sediment motion and erosion/accretion in a macrotidal, highly wave-exposed muddy intertidal mudflat-salt marsh system where currents and waves are expected to strongly interact. The complicated nature of the translation of hydrodynamic measurements to sediment dynamics via bed shear stress due to currents and waves has resulted in a number of alternative mathematical models, including the van Rijn model (van Rijn, 1993 ) and the Soulsby model (Soulsby, 1995) . To our knowledge, these models have not yet been tested side by side, with reference to a macrotidal, highly wave-exposed muddy intertidal mudflat-salt marsh system. Such a comparison would represent a valuable first step towards understanding mud dynamics under the unique conditions of a macrotidal and wave-exposed setting, and would enable an assessment of the applicability of these models in predicting sediment dynamics.
In this study, we aim to extend existing knowledge on sediment behavior under combined current-wave action by measuring waves, currents, sediment properties, and bed-level changes along the mudflat-salt marsh transition of a macrotidal and exposed coast on the Yangtze Delta, China. Our specific objectives are to: (1) quantify the bed shear stress under combined current-wave action (τ cw ) using two alternative models, and compare τ cw with (1a) the bed shear stress generated by currents (τ c ) or waves (τ w ) individually, and with (1b) the critical shear stress for erosion of the bottom sediment (τ ce ) and the critical shear stress for the deposition of suspended sediment (τ cd ); and (2) examine tidal-cycle-scale erosion and deposition using these shear stresses and compare predicted and observed bed-level change.
Study area
Field measurements were conducted on an exposed mudflat-salt marsh transition on Eastern Chongming Island, Yangtze Estuary (Fig. 1) . Site Mu (mudflat) was located 340 m seaward from the marsh edge (0.2 m above the mean sea level), and site Ma (salt marsh) was located 250 m landward from the marsh edge (0.7 m above mean sea level) (Fig. 1c-d) . Site Ma was located in the Scirpus mariqueter vegetation (0.4-0.6 m in height,~3 mm in stem diameter and 70%-80% in projective coverage), which occupies the lowest 0.5 km of the marsh (3 km in width).
The tidal wetland in eastern Chongming faces the East China Sea, with a maximum width of 7-8 km. The tides in the Yangtze Estuary are irregularly semidiurnal. At the Sheshan gauging station, 20 km east of the studied tidal wetland (Fig. 1b) , the average tidal range is 2.5 m, reaching up to 3.5-4.0 m during normal spring tides; the highest recorded tidal range is 4.64 m and the highest recorded water level is 2.9 m above mean sea level (GSII, 1996) . Upon the subtidal slope, the peak current velocity is~2 m/s during spring tides. Overall, the current velocity decreases landward from the subtidal area to the supratidal salt marsh, with the peak near-bed flow velocity being 0.5 m/s in front of the marsh edge (Yang et al., 2008) . Wind speed over the Yangtze Estuary is highly variable, with multi-year averages of 3.5-4.5 m/s and a maximum recorded speed of 36 m/s (GSII, 1996) . During the field observations of this study, the wind direction ranged from 29°to 107°, and the wind speed ranged from 6.5 to 8.1 m/s at Sheshan (Appendix Fig. 1 ). At the delta front (~7 m below mean sea level), the mean and maximum wave heights are 1.0 and 6.2 m, respectively, based on multi-year records (GSII, 1996) . Given the abundant supply of fine-grained sediment from the Yangtze River, the tidal wetland in Eastern Chongming has rapidly prograded in recent centuries (Yang et al., 2005) . However, the rate of progradation has shown a marked decrease in the past two decades, linked to dam construction upon the Yangtze (Yang et al., 2006) . At present (2006 At present ( -2010 , accretion still occurs on the salt marsh (average rate of~5 cm/yr), whereas erosion is found on the mudflat of the present transect (Yang et al., 2011) . The surface sediment of the tidal wetland in Eastern Chongming is typically very fine sand (63-125 μm) in the lower flat, coarse silt (32-63 μm) in the upper flat, and medium silt (16-32 μm) and fine silt (8-16 μm) on the salt marsh (Yang et al., 2008) .
Methods

Field measurements
We measured waves and currents at site Mu during five consecutive tides between spring and neap tides on September 22-24, 2009, and at site Ma during a tide on September 22, 2009. At the same time, bottom and suspended sediments were sampled. Although our measurements consisted of a limited number of tidal cycles, the dataset enables us to address our study aims because (i) the wind conditions generated significant waves and (ii) the predominant current conditions were captured within the single tidal cycles.
Waves and water depths were measured using self-logging sensors (SBE 26plus SEAGAUGE, Sea-Bird Electronics Inc., USA) that were programmed to measure the mean water depth every 10 min. Within the same 10-minute interval, waves were determined by 4 Hz pressure measurements over a 256-second period, giving 1024 measurements per burst. With a characteristic significant wave period of ca. 2 s, each burst contains more than 100 waves for determination of the wave height and wave period. The wave sensors were mounted horizontally on the sea bed, with the pressure sensors being located 0.15 m above the sediment surface. All of the water depth data have been corrected for this 0.15 m offset so that all the presented data give the height from the sediment surface. To test the consistency between instruments, we placed the three sensors at the same site (spaced at~1 m) on the mudflat, and found that they recorded equal water depths and wave heights that differed by b3%.
Currents were measured using a self-logging Pulse-Coherent Acoustic Doppler Profiler (PC-ADP, the SonTek, USA) and Acoustic Doppler Profilers-XR (ADP-XR). The PC-ADP was fixed on a tripod with its sensor probe facing downward at a height of 65 cm above the sediment surface. The ADP-XR was mounted on the sea bed with its sensor probe facing upward at a height of 15 cm above the sediment surface. It measured velocities at five layers from 20 cm above the probe (i.e., 35 cm from the bed) to the water surface.
The latitude, longitude and elevation of the observation sites and the topographic profile through the experimental sites were determined using a Real Time Kinematic Global Position System (Ashtech, USA). The double-rods method (Yang et al., 2003) was employed to determine the bed-level changes during September 22-25, 2009. The bed level was determined during low water, giving the timeintegrated bed-level changes over a flooding period. To avoid mutual interference between the instruments, the rods (25 mm diameter) were placed at least 3 m away from the instruments, with 1 m between the rods. Sediments were sampled using a tube-shaped sampler with a diameter of 36 mm. Suspended sediments were sampled using a 600 ml bottle, with its mouth facing upward at a height of 15 cm above the seabed, fastened on a tripod before the flood; the bottle was recovered after the ebb.
Data processing and samples analysis
Processing of the data from the self-logging wave and tide sensors (including pressure correction), PC-ADP and ADP-XR was conducted using the software provided by the respective manufacturers. In the laboratory, samples of wet bottom sediment were weighed and oven dried at a temperature of 50°C until the weight was stable (≥48 h). The ratio of water weight (i.e., the difference between the wet and dry weights) to dry weight of the sediment was defined as water content (Taki, 2001) . The sediment grain size was measured using a LS13320 Laser Particle Size Analyzer (Coulter Inc., USA). Note that all the sediment samples were deflocculated before analysis by the Coulter counter, avoiding the measurement of any larger flocs that may have been in suspension.
3.3. Calculation of shear stresses 3.3.1. Bed shear stress under combined current-wave action (τ cw )
According to linear wave theory, the peak value of the orbital excursion (Α δ ) and velocity (Û δ ) at the edge of the wave boundary layer can be expressed as follows:
where ω(=2π/Τ) is the angular velocity (s
is the wave length (m), Τ is the wave period (s), h is the water depth (m),Α δ is the peak value of the orbital excursion, andÛ δ is the wave orbital velocity (m/s)
In the van Rijn (1993) model, the bed shear stress due to waves (τ w , N/m 2 ) is calculated as follows:
where ρ w is the seawater density (measured to be 1030 kg/m 3 ), f wr is the rough bed friction factor (calculated to be 0.01-0.11 at the present study sites). Utilizing the equivalent bed roughness, we have k s = 25 η 2 /λ (where η is the ripple height and λ is the ripple wavelength) (Davies and Thorne, 2005) . H is significant wave height (H s ) for the calculation ofÛ δ in Eq. (2).
In the Soulsby (1995) model, τ w is calculated as follows:
where H is H rms = H s / ffiffiffi 2 p for the calculation ofÛ δ in Eq. (2). To calculate the shear velocity (u * c , m/s; Eq. (5)), the velocity data were fitted to logarithmic velocity profiles using linear regression by the least-squares method. Bed shear stress due to currents (τ c , N/m 2 )
was subsequently calculated according to Eq. (6) , as follows
where u c (Ζ) is the current velocity at height z above the bed, κ is the Von Karman's constant (=0.4), and z o is the bed roughness amplitude (within the range~0 to 1.88 cm, following Whitehouse et al., 2000) for ripples at our study sites.
The time-averaged and cycle-mean bed shear stress due to currents and waves (τ cw , N/m 2 ) was calculated using the van Rijn (1993) model (Eq. (7)) and the Soulsby (1995) model (Eq. (8)). The van Rijn (1993) model is expressed as follows:
where
, k a is the apparent bed roughness, and k s is the bed roughness. In this study, we assumed k a = k s , following van Rijn (1993) who stated that this equality holds when the ratio of the peak orbital velocity to depth-averaged velocity is 1 (i.e., α r = 1). In Eq. (7), τ c is positive when the wave direction is the same as the current direction, but is negative when the wave direction is opposite to the current direction (van Rijn, 1993) . In this study, τ c was typically positive during the flood phase and negative during the ebb phase. The Soulsby (1995) model is expressed as follows:
3.3.2. Critical shear stress for the erosion of bottom sediment (τ ce ) Because the bottom sediment in the study area was mainly fine grained (i.e., the median grain size (d 50 ) at sites Mu and Ma was 22.5 and 14.7 μm, respectively), we determined the critical shear stress for the erosion of bottom sediment (τ ce , N/m 2 ) using Eq. (9), which is suitable for cohesive sediment (Taki, 2001) :
where β is a dimensionless coefficient, s is the specific weight of the particle (s = ρ s /ρ w − 1), ρ s is the sediment particle density (=2650 kg/m 3 ), ρ w is the seawater density (measured to be 1030 kg/m 3 ), and W is the water content. Based on Taki's (2001) experimental data, β = 0.3 when the grain size of the bottom sediment is less than several tens of microns and the water content of the bottom sediment is relatively high, which is in agreement with the present sediments.
Critical shear stress for the deposition of suspended sediment (τ cd )
Based on the experimental results of Lumborg (2005) , the critical shear stress for the deposition of suspended sediment (τ cd ) ranges from 0.01 to 0.1 N/m 2 and is typically around 0.05 N/m 2 for mixtures of fine-grained mineral particles. These values were employed in the present study because the suspended sediment in the study area originates from the Yangtze River (catchment area of 1.8 × 10 6 km 2 ) and is composed of a range of mineral particles (Yang et al., 2002) .
Results
Wave characteristics and current velocity
The maximum water depth at high tide ranged from 0.94 to 1.71 m at site Mu and was 1.21 m during the only tide (Tide 1) measured at site Ma (Fig. 2a) . The burst-based significant wave height ranged from~0 to 0.76 m during the five tides at site Mu and from 0 to 0.19 m during Tide 1 at site Ma (Fig. 2a) ; the burst-based significant wave period ranged from 0.66 to 5.47 s at site Mu and from 0.79 to 3.42 s at site Ma (Appendix Table 1 ). At both sites and during all tides, the wave height was strongly positively correlated with water depth (r = 0.96-0.99; Fig. 3a) , i.e., the wave height tended to be largest at high tide (Fig. 2a) . The ratio of significant wave height to water depth ranged from 0.04 to 0.34 at Mu, and from 0.04 to 0.17 at Ma (Appendix Table 1 ). As the wind-induced generation of waves did not vary significantly in time (i.e., the wind speed ranged from 7.6 to 8.0 m/s with onshore directions ranging from 35 º to 100º; Appendix Fig. 1) ; the positive relation between wave height and water depth (Fig. 3a) reflects changes in bed friction with water depth and the flat geomorphology of the study area.
At site Mu, the instantaneous near-bed current velocity ranged from 0.03 to 0.73 m/s (average, 0.28 m/s; Fig. 2b ). During Tide 1, the near-bed current velocity was much lower at site Ma (0.03-0.15 m/s; average, 0.09 m/s) than that at site Mu (0.04-0.50 m/s; average, 0.30 m/s). Typically, the flood period was shorter than the ebb period, and the flood current velocity was higher than the ebb current velocity, showing tidal asymmetry (Fig. 2b) . On average, the ratio of flood to ebb period was 0.69, and the ratio of flood current velocity to ebb current velocity was 1.2. The current direction was clockwise rotational. It tended to be southwestward (onshore) at early flood, to be alongshore at the high tide, and to be eastward or southeastward (offshore) at late ebb. During the incoming tide, the current reaches a maximum in the onshore direction. During high water, a maximum value is found due to alongshore currents, and at ebb a maximum is reached due to dewatering in the offshore direction. Fig. 2c ; Table 1 ). The difference in τ w between Ma and Mu was much smaller than the difference in τ c . The intertidal pattern of τ w was similar to those of the water depth and wave height (Fig. 2a, c) . That is, τ w tended to be higher at high tides. τ w exponentially increased with water depth (r =0.74; Fig. 3b ).
Because τ c is a function of currents (Eq. (6)), it shows similar behavior to near-bed current velocity (Fig. 2b-c) . At high water depth, the waves are higher but do not penetrate deep into the water column, meaning they are not strongly influenced by the bed. In contrast, at times of shallower water depth, the waves are less high but the water depth is sufficiently limited for the waves to be strongly influenced by the bed. This means that understanding the relation between water depth and wave height (Fig. 3) is useful.
Bed shear stress due to combined wave-currents (τ cw )
Based on the two models described above (Eq. (7) and (8) Fig. 2d; Table 1 ). However, individual τ cw values differed between the two models (Fig. 2d) . The τ cw (van Rijn model) followed more the pattern of the calculated τ w, whereas the τ cw (Soulsby model) followed more the pattern of the τ c (Fig. 2c-d) . τ cw (van Rijn model) was significantly higher at the flood phase than at the ebb phase. Although τ cw (Soulsby model) was overall higher at the flood phase than at the ebb phase, its difference between flood and ebb phases was less significant than the τ cw (van Rijn model) (Fig. 2d) . τ cw (van Rijn model) was higher than τ cw (Soulsby model) at typical flood phases when both the directions of currents and waves are onshore, and was lower than τ cw (Soulsby model) at typical ebb phases when the directions of currents and waves are opposite. In other cases, τ cw (van Rijn model) could be either higher or lower than τ cw (Soulsby model) (Fig. 4) . The implications of these findings for erosion and deposition are considered in Section 4.3.
4.2.3. Sediment properties and the critical shear stress for sediment erosion (τ ce )
The bottom sediment in the study area was composed of natural mineral particles with an approximate density (ρ s ) of 2650 kg/m 3 . The median grain size was measured to be 22.5 μm at site Mu and 14.7 μm at site Ma. The water content of bottom sediment was 46% at site Mu and 36% at site Ma. These data indicate a value of 0.3 for (Fig. 5) , whereas sediment deposited in near-bed bottles was similar to the bottom sediment in grain size (23 and 15 μm at sites Mu and Ma, respectively).
Comparison of τ cw with τ ce and τ cd
At site Mu, each tide contained phases of τ cw > τ ce (net erosion) and τ cw b τ cd (0.05 N/m 2 ) (net deposition). On average, the duration of τ cw > τ ce was more than 70% of the period of tidal submergence, whereas the duration of τ cw b τ cd was less than 20% ( Fig. 2d ; Table 2 ). Specifically, when using the Soulsby (1995) model, the duration of τ cw (Soulsby model) > τ ce (net erosion phase) was more than 66% of the period of submergence, whereas the duration of τ cw (Soulsby model) b τ cd (net deposition phase) was less than 12%. When using the van Rijn model, the duration of τ cw (van Rijn model) > τ ce (net erosion phase) was more than 72% of the period of submergence, whereas the duration of τ cw (van Rijn model) b τ cd (net deposition phase) was less than 11% of this period. At site Ma, the value of τ cw (Soulsby model) was always less than τ ce and τ cd (net deposition phase), whereas 50% of the τ cw (van Rijn model) values were intermediate between τ ce and τ cd and 45% of the τ cw (van Rijn model) values were less than τ cd (net deposition phase) ( Fig. 2d ; Table 2 ). Our calculations of the duration of the net erosion phases and net deposition phases suggest that during the windy observation period, the submergence periods were dominated by erosion on the mudflat and that both models give comparable results. For the salt marsh, both models indicate that there was no erosion phase, but the Soulsby model predicts a much longer deposition phase than the van Rijn model. Thus, for the marsh, the model choice in calculating τ cw is critical to the predictions made of sedimentation rates.
Changes in bed level
At site Mu, most of the measurements (at three points) showed between-tide net erosion (Table 3) , which is in agreement with the prediction that τ cw was larger than the critical shear stress for the erosion of bottom sediment (τ ce ) during most of the period of tidal submergence (Fig. 2d) . The average net erosion at the three points during the six tides was 2 cm (Table 3 ). The amount of bed-level change among the three points varied because of the influence of ripple development. At site Ma, almost all the measurements (also at three points) showed between-tide net accretion (Table 3) , which is in agreement with the prediction that τ cw was lower than the critical shear stress for the erosion of bottom sediment (τ ce ) and that most of the τ cw values were lower than the critical shear stress for the deposition of suspended sediment (τ cd ) (e.g., during Tide 1) (Fig. 2d) .
The average net accretion at the three points during the six tides was 1.8 cm (Table 3) .
Discussion
Values of τ ce and τ cd
The critical shear stress for erosion, τ ce , is determined by the properties of the bottom sediment, and can therefore vary significantly over space and time (Gust and Morris, 1989; Schünemann and Kühl, 1993; Houwing, 1999; Milburn and Krishnappan, 2003; Lumborg, 2005) . From the literature, the τ ce value of mudflats can range from 0.1 to 0.6 N/m 2 (Widdows et al., 1998; Christie et al., 1999; Andersen et al., 2007; Wang et al., 2008; Wang, 2009) . The values of τ ce in the present study (0.103 N/m 2 for the mudflat site and 0.116 N/m 2 for the salt marsh site) are low compared with many other mudflats (e.g., Christie et al., 1999; Andersen et al., 2007) , probably because the bottom sediments of the present study were relatively recently deposited due to the high rate of progradation (~300 m/yr) in Eastern Chongming (Yang et al., 2001) . As a consequence of the low τ ce values, the bottom sediment has been less compacted and its water content is high because of frequent submergence beneath tidal water. Examples of τ ce b 0.2 N/m 2 have also been reported for the mudflats in the Ems/ Dollard estuary, the Netherlands (τ ce = 0.1 N/m 2 on average for soft deposits; Kornman, 1998) , for the Skeffling mudflats in the Humber estuary, UK (τ ce = 0.18 N/m 2 ; Table 1 in Houwing, 1999) , and for mudflats in Luoyuan Bay, Southeastern China (τ ce = 0.11-0.15 N/m 2 ; Wang, 2009) . In the present study, the value of τ ce was slightly higher at the salt marsh site than at the mudflat site, probably because the higher elevation of the marsh site and its more frequent exposure to air resulted in a lower water content of the bottom sediment, although transpiration by marsh vegetation may also be partly responsible for dewatering at this site. Fig. 3 . The correlations between water depth and significant wave height at the two sites during the five tides (a), and the correlation between water depth and bed shear stress due to waves (b). r is correlation coefficient. Table 1 Statistics of bed shear stress due to currents (τ c ), waves (τ w ), and combined current-wave action (τ cw ). The concept of a critical shear stress for deposition, τ cd , has been widely utilized in studies of sediment dynamics (e.g. Krone, 1962; Dyer, 1986; Christie et al., 1999; van der Ham and Winterwerp, 2001; Lumborg, 2005 ; and references therein). For simplicity, a deposition threshold of τ cd = τ ce has been used in some studies (e.g., Christie et al., 1999) , but a deposition threshold of τ cd b τ ce is more generally employed (e.g., Christie et al., 1999; Milburn and Krishnappan, 2003; Lumborg, 2005; Andersen et al., 2007) . The τ cd value of single particles depends not only on the water temperature, turbulence, salinity and suspended sediment concentration, but also on the size, density and shape of the grains themselves (Partheniades, 1965) . In other words, τ cd differs between grains, as well as spatially and temporally. Hence, τ cd could theoretically be considered a range rather than as a single value. For example, in laboratory experiments, τ cd was found to be 0.088 N/m 2 for mud (median size =~20 μm) and 0.12-0.32 N/m 2 for sand of various grain sizes (Milburn and Krishnappan, 2003) . From a mudflat on the Denmark Wadden Sea, τ cd was found to be 0.1 N/m 2 , which is much lower than the local τ ce value of 0.24 N/m 2 (Andersen et al., 2007) . Along the western coast of the Baltic Sea, a similar low τ cd range of 0.01-0.1 N/m 2 was employed (e.g., Lumborg, 2005) . In the present study, the very fine nature of the suspended sediments ( 5.2. Intertidal phases of erosion and deposition determined by comparison between τ cw , τ ce and τ cd Some previous studies identified erosion and deposition based on a single critical shear stress of sediment in combination with bed shear stress (e.g., Christie et al., 1999) , whereas others employed separate critical shear stresses for erosion and for deposition (e.g., Cancino and Ramiro, 1999; Lumborg, 2005; Andersen et al., 2007;  and references therein). Although there is evidence that sediment is continuously deposited and resuspended (e.g., Sanford and Halka, 1993) , it is assumed in most models, following Einstein (1950) , that deposition occurs when the bed shear stress is lower than a critical value for deposition, whereas erosion occurs when the bed shear stress is higher than a minimum value for erosion (Cancino and Ramiro, 1999) .
In the present study, we define net erosion (i.e., the net erosion phase) as the duration of τ cw > τ ce and net deposition phase as the duration of τ cw b τ cd , and define a no net change phase as the duration of τ ce > τ cw > τ cd . For the first case, the larger the value of τ cw and the longer the duration of τ cw > τ ce , the greater the erosion. For the second case, the lower the value of τ cw and the longer the duration of τ cw b τ cd , the greater the deposition. As shown in Fig. 2d and Table 2 , at site Mu, τ cw is larger than τ ce (0.103 N/m 2 ) for most of the submergence time, suggesting that the mudflat experienced erosion during most of the submerged periods. Because the size of the near-bed suspended particles of the present study ranged from >63 μm (very find sand) at site Mu or >32 μm (coarse silt) at site Ma to b4 μm at both sites (Fig. 5) , we believe that τ cd differed between grains, ranging from 0.01 (τ cd-min for fine grains) to 0.1 (τ cd-max for coarse grains) N/m 2 (see Lumborg, 2005) . That is, when τ cw b 0.1 N/m 2 , coarse ), we expect that there is always an exchange of sediment between the water column and the seabed. At site Ma, τ cw was not only less than τ ce (0.116 N/m 2 ) but also less than τ cd-max (0.1 N/m 2 ) ( Fig. 2d) , suggesting that deposition of at least the coarser sediment fractions occurred for all the submergence time and that there was no phase of erosion.
Comparing measured erosion and deposition with values of τ cw , τ ce and τ cd
Although it is scientifically relevant to relate intertidal bed-level changes to the temporal changes in the values of τ cw , τ ce and τ cd that determine the phases of inferred erosion and deposition, the application of this approach has generally been unsatisfactory or unsuccessful (e.g., Christie et al., 1999) . One of the reasons for this lack of success is the difficulty in obtaining accurate bed-level changes at a high temporal resolution, due to the unclear interface between the water column and sediment bottom. This is especially the case for highly turbid conditions in which fluid mud may be present. Hence, the comparison of measured bed-level changes with stress (τ cw , τ ce and τ cd ) -inferred erosion and deposition at the temporal scale of tidal cycles is an important method in examining short-term sediment dynamic processes. For example, in the Skeffling mudflats of the Humber Estuary (UK), a net deposition of 2 mm was found during a calm tidal cycle (wind speed 2-6 m/s) when τ cw ranged from~0 to 0.7 N/m 2 and the duration of τ cw b τ ce dominated the period of tidal submergence, and a net erosion of 60 mm was observed during a stormy tidal cycle (wind speed 10-25 m/s) when τ cw increased to 2.4 N/m 2 and the duration of τ cw > τ ce dominated the period of tidal submergence (Christie et al., 1999) . In the present study (wind speed~8 m/s; Appendix Fig. 1 ), the mudflat site Mu experienced on average 3.3 mm of net erosion per tide during the observation period (Table 3) (Table 1 ) and the duration of τ cw > τ ce was on average 73% (van Rijn model; 67% for the Soulsby model) of the period of tidal submergence (Table 2) . Therefore, the present case is intermediate between the calm and stormy examples from the Skeffling mudflats (Christie et al., 1999) . At the salt marsh site Ma, we observed an average net deposition of 3 mm per tide. As with the Skeffling mudflats (Christie et al., 1999) , the net erosion/deposition determined in the present study, predicted by comparing τ cw with critical shear stresses, was in agreement with the observed bed-level changes. Although this comparison is qualitative in that we lacked the data needed to calculate sediment flux and erosion/deposition rates, the results support the contention that τ cw in comparison with the critical shear stresses of the sediment is a useful approach in examining intertidal sediment dynamics. It is unreasonable to expect that the erosion/deposition rates at sites Mu and Ma during the observation period are typical of the long-term geomorphologic evolution of the region, as they correspond to an annual erosion of 2.3 m at site Mu and an annual deposition of 2.1 m at site Ma, which is unrealistic (Yang et al., 2011) . In fact, Yang et al. (2003 Yang et al. ( , 2008 reported frequent alternations of erosion and deposition on the tidal flats of the Yangtze Delta, and the deposition rate in the salt marsh is highly variable over the year, being higher during spring tides and stormy weather than during neap tides and calm weather (Yang et al., 2003 (Yang et al., , 2008 . Our field campaign to estimate shear stresses was undertaken during the transition period from spring to neap tides, but with onshore wind speeds that were two times higher than the annual average (Appendix Fig. 1 ; GSII, 1996) . Hence, the wave component in the hydrodynamics during the observation period was stronger than the annual average, indicating that more sediment was transported into the salt marsh during this period than is typically observed.
Applicability of the Soulsby and van Rijn models in predicting τ cw in exposed tidal wetlands
In exposed tidal wetlands, both waves and currents play an important role in sediment dynamics, indicating the necessity to consider the combined wave-current action. The values of τ cw derived from the Soulsby and van Rijn models are consistent with the combined current-wave action in the present study area, because: (1) the net erosion/deposition trends obtained by comparing τ cw , τ ce and τ cd are in agreement with the results of bed-level measurements; (2) for both models the average τ cw is significantly larger than τ c or τ w ; and (3) τ cw and the durations of τ cw > τ ce and τ cw b τ cd are largely similar between the models. For example, during the five tides, τ cw at the mudflat site (n = 153) averaged 0.268 N/m 2 (Soulsby model) or 0.269 N/m 2 (van Rijn model) (Table 1) , and the average duration percentages of τ cw > τ ce and τ cw b τ cd are 65% and 11% (Soulsby model) or 72% and 10% (van Rijn model) (Table 2) , respectively.
The value of τ cw shows a large difference between the models in the case that τ cw obtained by both models differ greatly in cases when τ w is significantly higher than τ c (Fig. 2c-d (Fig. 2c-d) . That is, τ cw (van Rijn model) was more than three times higher than τ cw (Soulsby model). Although we cannot assess which model is more accurate, our results indicate that the van Rijn model is more accurate in describing the wave dynamics than the Soulsby model ( Fig. 2c-d) . From a practical viewpoint, the Soulsby model is easier to use because of the smaller number of input parameters. The relative merits and accuracies of the two models require further studies.
Summary and conclusions
We aimed to enhance the current understanding of sediment motion and erosion/accretion in a macrotidal, highly wave-exposed muddy intertidal mudflat-salt marsh system, by comparing the sediment dynamics predicted by the van Rijn (1993) and Soulsby (1995) a At each point, a thin aluminous bar was put onto the two rods, and the vertical distance between the sediment surface and the bar was surveyed. "−" means erosion.
models against measurements made in the Yangtze Delta. Observations at the mudflat site Mu (340 m seaward from the marsh edge and 0.2 m above mean sea level) during five consecutive tidal cycles from spring to neap tides showed that the water depth ranged from 0 to 1.7 m, the significant wave height from~0 to 0.76 m (onshore wind speed of~8 m/s, twice the multi-year average), the near-bed current velocity from~0 to 0.73 m/s, the bed shear stress due to waves (τ w ). These data show that at a macrotidal, highly wave-exposed muddy intertidal mudflat-salt marsh system such as the Yangtze Delta, waves and currents may be equally important in terms of sediment dynamics on the mudflats. τ cw was typically higher in the flood stage than in the ebb stage, suggesting landward sediment transport. At site Mu, the median grain size and water content of the bottom sediment were measured to be 23 μm and 46%, respectively, which gives a critical shear stress for erosion (τ ce ) of 0.103 N/m 2 . For each tidal cycle, the duration of τ cw > τ ce was longer than the duration of τ cw b τ cd (critical shear stress for the deposition of suspended sediment). On average, the duration of τ cw > τ ce was more than 70% of the period of submergence, whereas the duration of τ cw b τ cd was less than 20% of this period. These findings suggest, at least qualitatively, that intertidal sediment dynamics were dominated by erosion. This inference is supported by measurements of bed-level change, which showed an average net erosion of 3.3 mm per tide.
In comparison, observations at the S. mariqueter salt marsh site Ma (250 m landward from the marsh edge and 0.7 m above mean sea level) showed subdued hydrodynamics and a slightly higher τ ce (0.116 N/m 2 ). At site Ma, τ cw ranged from~0 to 0.14 N/m 2 (average, 0.06 N/m 2 ), indicating sediment deposition during tidal submergence. In agreement with this inference, measurements of bed-level change at the site gave an average deposition rate of 3 mm per tide. The great difference in sediment dynamics between mudflat and salt marsh is attributed mainly to the presence of vegetation, although elevation and landward distance may also be relevant factors.
The Soulsby (1995) and van Rijn (1993) models generally gave similar average τ cw values and durations of τ cw > τ ce and τ cw b τ cd . However, in the case that τ w is significantly higher than τ c , the two models yield strongly different values of τ cw . We conclude that it is necessary to employ τ cw in place of τ c and τ w in studies of sediment dynamics in exposed intertidal wetlands, and that further work is needed to assess the performances of the Soulsby and van Rijn models in such cases. Appendix Fig. 1 . Hourly wind speed and direction over the period of field measurement at the Sheshan gauging station.
